Background {#Sec1}
==========

There are two international guidelines \[[@CR1], [@CR2]\] for human protection from electromagnetic fields, which have been set forth by the World Health Organization (WHO). In the guidelines, the metric for human protection is the specific absorption rate (SAR) averaged over 10 g of tissue for localized exposure to electromagnetic fields with frequencies ranging from 100 kHz to 3 GHz \[[@CR2]\] or 10 GHz \[[@CR1]\]. The International Commission on Non-Ionizing Radiation Protection (ICNIRP) and IEEE have been discussing revisions to the new guideline, including revisions on the averaging volume and transition frequency of SAR.

In the current ICNIRP guidelines \[[@CR1]\], the averaging volume of SAR corresponds to contiguous tissue, while the IEEE standard \[[@CR2]\] specifies a cube. The limit is 10 W/kg for occupational exposure or in restricted areas, and a reduction factor of 5 is applied for general public general public or in unrestricted areas. SAR averaging over contiguous tissue is feasible in computation, but is not practically feasible as later noted by the ICNIRP \[[@CR3]\]. Thus, a cubic averaging volume is used in the international standard for product safety when ensuring product compliance \[[@CR4], [@CR5]\]. Considering the 1998 ICNIRP guidelines \[[@CR1]\], the compliance procedure at frequencies from 6 to 10 GHz has been discussed in the IEC Technical Committee 106.

The averaging mass of the SAR has been discussed by different research groups (e.g., \[[@CR6]--[@CR8]\]). The main conclusion drawn by international experts is that the averaging mass of 10 g, corresponding to a cube with a side length of approximately 22 mm, is a good metric to correlate with the local temperature rise \[[@CR9]\]. A few studies discussed the rationale of the limit for an occupational exposure of 10 W/kg.

The point SAR measurement and local temperature elevation in anesthetized rabbit eyes has been cited in the ICNIRP guidelines \[[@CR1]\]. The SAR threshold value estimated with a probe finite dimension was 137 W/kg \[[@CR10]\]. The temperature elevation computed in the brain is listed on Table C.2 in Annex C of the IEEE standard C95.1 \[[@CR2]\]. The temperature elevation at a peak 10-g SAR is approximately 1--2 °C. In the IEEE standard \[[@CR2]\], the temperature elevation in the eye without anesthesia has been reported to be smaller \[[@CR11]\]. Later, Hirata reported that this is caused by the effect of thermoregulation in non-anesthetized rabbits \[[@CR12]\]. No computational study listed therein considered the effect of thermoregulation, which is inherent in homeotherms such as humans, on the human temperature elevation for localized exposures.

After the publication of IEEE C95.1 \[[@CR2]\], the authors investigated temperature elevations in rat brains due to localized radio-frequency exposure. We demonstrated that the temperature elevation in heat-sensitive tissues of small animals becomes smaller than that when thermoregulation is ignored \[[@CR12], [@CR13]\]. No previous studies evaluated the temperature elevation in human head models for local exposure while considering thermoregulation. It should be noted that several studies computed the temperature elevation for whole-body exposures \[[@CR14]--[@CR18]\].

The abovementioned limit is intended to prevent excessive heating, especially in internal tissue (e.g., brain and eye). The heating factor, which is defined as the ratio of temperature elevation to the SAR, was introduced and discussed extensively \[[@CR19]\]. After obtaining this factor, temperature elevation can be estimated in the regime where thermoregulation can be neglected. As one of the drawbacks of this concept, the temperature under thermoneutral conditions depends on the body part and is not directly related to thermal damage. For example, the information of the location where the maximum temperature appeared is missed. When thermoregulation is ignored, the heating factor value becomes conservative when the tissue temperature becomes large enough to activate thermoregulation. Thermoregulation, especially for vasodilation, can move heat away and maintain homeostasis.

Many researchers developed a thermoregulatory response model that included vasodilation. These models are based on the measurements of internal tissues during animal studies. Some of these studies used an invasive approach with anesthesia (e.g., \[[@CR20]\]). Even though a limited amount of data on thermoregulation is available for internal tissues in humans, it is known that thermoregulation in humans is superior to that of other species \[[@CR21]\]. In this study, we investigate brain temperature elevation for excessive SAR exposure levels to find out how vasodilatation can affect the temperature elevation and how it relates to the exposure limits.

Methods {#Sec2}
=======

Our bioheat modeling has been mentioned in our previous studies \[[@CR22]\]. The vasodilation model was coupled with the bioheat modeling. Vasodilation modeling of the brain and skin was based on local exposure measurements in rats \[[@CR23]\] and cutaneous veins of a dog with local warming \[[@CR24]\], respectively. Our computational model has been validated for different exposure scenarios including the partial-body exposure \[[@CR25]\], where human legs are immersed in hot water \[[@CR22]\].

SAR computation {#Sec3}
---------------

A finite-difference time-domain (FDTD) method was used to calculate the absorbed microwave power \[[@CR26]\]. The SAR is defined as$$\documentclass[12pt]{minimal}
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                \begin{document}$$SAR({\mathbf{r}}) = \frac{{\sigma ({\mathbf{r}})}}{{2\rho ({\mathbf{r}})}}\left| {{\mathbf{E}}({\mathbf{r}})} \right|^{2} ,$$\end{document}$$where \|**E**(**r**)\| denotes the peak value of the electric field at position **r**. The parameters *σ* and *ρ* denote the conductivity and mass density of the tissue, respectively. The dielectric properties of each tissue type were determined with a 4-Cole--Cole dispersion model \[[@CR27]\]. Convolutional perfectly matched layer absorbing boundary conditions was used for absorbing outgoing scattered waves to simulate an infinite space \[[@CR28]\].

To calculate the spatially averaged SAR over 10 g of tissue, contiguous tissue and 10 g of tissues in a cube shape were used as specified by the ICNIRP guidelines \[[@CR1]\] and the IEEE C95.3-2002 standard \[[@CR5]\], respectively. In \[[@CR1]\], no detailed algorithm has been prescribed. Thus, the algorithm we developed in \[[@CR29]\] is used in this study.

Temperature computation {#Sec4}
-----------------------

The Pennes bioheat transfer equation considers heat exchange mechanisms, including heat conduction, blood perfusion, and resistive heating, as follows \[[@CR30]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$C\left( {\mathbf{r}} \right)\rho \left( {\mathbf{r}} \right)\frac{{\partial T\left( {{\mathbf{r}},t} \right)}}{\partial t} = \nabla \cdot \left( {K\left( {\mathbf{r}} \right)\nabla T\left( {{\mathbf{r}},t} \right)} \right) \,+\, \rho \left( {\mathbf{r}} \right)SAR\left( {\mathbf{r}} \right) \,+ \,A\left( {{\mathbf{r}},t} \right) \,-\, B\left( {{\mathbf{r}},t} \right)\left( {T\left( {{\mathbf{r}},t} \right) \,- \,T_{B} \left( {{\mathbf{r}},t} \right)} \right),$$\end{document}$$where **r** and *t* denote the position vectors of tissue and time, respectively, and *T*(**r**, *t*) and *T*~*B*~(**r**, *t*) denote the temperatures of tissue and blood, respectively. In addition, *C* denotes the specific heat of the tissue, *K* denotes the thermal conductivity of the tissue, *A*(**r**, *t*) denotes the metabolic heat, and *B*(**r**, *t*) denotes the factor related to blood perfusion. The SAR(**r**, *t*) determined from Eq. [1](#Equ1){ref-type=""} is substituted into the bioheat equation as a heat source.

The boundary condition between tissues and external air is$$\documentclass[12pt]{minimal}
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The volume-averaged blood temperature is changed such that the first law of thermodynamics is satisfied. The change in blood temperature is defined as \[[@CR14]\]$$\documentclass[12pt]{minimal}
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                \begin{document}$$Q_{BT} \left( t \right) = \int_{V} {B\left( t \right)\left( {T_{B} \left( t \right) - T\left( {{\mathbf{r}},t} \right)} \right)dV}$$\end{document}$$where *Q*~*BT*~(*t*) denotes the total heat transferred from tissues to blood. In addition, *C*~*B*~ = 4000 J/(kg  °C), *ρ*~*B*~ = 1058 kg/m^3^, *T*~*B0*~, and *V*~*B*~ denote the specific heat of blood, mass density of blood, initial blood temperature, and total volume of blood, respectively. The blood temperature *T*~*B*~(**r**, *t*) was fixed at 37 °C in this study (see subsection "[Computational setup of thermoregulatory modeling](#Sec9){ref-type="sec"}").

The blood perfusion parameter *B* in skin depends on both the hypothalamus temperature and local skin temperature \[[@CR24]\]. Skin blood perfusion is regulated by the hypothalamus temperature. The average skin temperature can be expressed as$$\documentclass[12pt]{minimal}
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                \begin{document}$$B({\mathbf{r}},t) = \left[ {B_{0} ({\mathbf{r}}) + F_{HB} \Delta T_{H} (t) + F_{SB} \Delta T_{S} } \right] \cdot 2^{{{{\left( {T({\mathbf{r}},t) - T_{0} ({\mathbf{r}})} \right)} \mathord{\left/ {\vphantom {{\left( {T({\mathbf{r}},t) - T_{0} ({\mathbf{r}})} \right)} 6}} \right. \kern-0pt} 6}}} ,$$\end{document}$$where *B*~*0*~ denotes the basal blood perfusion of each tissue, Δ*T*~*S*~(*t*) denotes the average skin temperature elevation, *S* denotes the skin area, and Δ*T*~*H*~(*t*) denotes the core (hypothalamus) temperature elevation. *F*~*HB*~ = 17,500 W/(m^3^ °C) and *F*~*SB*~ = 1100 W/(m^3^ °C) also correspond to coefficients for determining the changes in the blood perfusion characteristics over time \[[@CR31]\].

Blood perfusion in the brain is influenced by the core and brain local temperature elevations and is expressed as \[[@CR13]\]$$\documentclass[12pt]{minimal}
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                \begin{document}$$B\left( {{\mathbf{r}},t} \right) = B_{0} \left( {\mathbf{r}} \right) \cdot \left( {1 + F_{HB} \cdot \Delta T_{H} \left( t \right)} \right) \cdot 2^{{\Delta T\left( {{\mathbf{r}},t} \right)/F_{BB} }} ,$$\end{document}$$where *F*~*HB*~ (= 0.053 °C^−1^) and *F*~*BB*~ (= 13.9 °C) denote weighting coefficients relating to the variations in the core and brain temperature elevations, respectively \[[@CR23]\]. Note that the terms associated with core temperature elevation in ([4](#Equ4){ref-type=""}) and ([5](#Equ5){ref-type=""}) do not affect the results in this study because core temperature elevation is small enough for localized exposure, as will be discussed in "[Results](#Sec7){ref-type="sec"}" section.

Blood perfusion regulation in tissues (except for the skin and brain) is defined as \[[@CR32], [@CR33]\]$$\documentclass[12pt]{minimal}
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The thermal parameters used in the present study were the same as those in \[[@CR34]\]. The heat transfer coefficient *H* was 8 W/(m^2^ °C) between the skin and air, and 20 W/(m^2^ °C) between the eye and air \[[@CR35]\].

Evaporative heat loss is assumed to depend on the temperature elevation on the skin and in the hypothalamus. This relationship is defined as \[[@CR36]\]$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$EV({\mathbf{r}},t) = \left\{ {W_{S} ({\mathbf{r}},t)\Delta T_{S} (t) + W_{H} ({\mathbf{r}},t)\Delta T_{H} (t) + PI} \right\} \cdot F_{EV} /S,$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W_{S} ({\mathbf{r}},t) = \alpha_{11} \tanh (\beta_{11} \Delta T_{S} (t) - \beta_{10} ) + \alpha_{10} ,$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$W_{H} ({\mathbf{r}},t) = \alpha_{21} \tanh (\beta_{21} \Delta T_{H} (t) - \beta_{20} ) + \alpha_{20} ,$$\end{document}$$where *F*~*EV*~ (= 40.6 W min/g) is a conversion coefficient, and *S* is the surface area of the human body. The parameter of *PI* (= 0.63 g/min) is insensible water loss, and the coefficients are defined as *α*~10~ = 1.20 g/(min  °C), *α*~11~ = 0.80 g/(min  °C), *β*~10~ = 0.19, *β*~11~ = 0.59 °C^−1^, *α*~20~ = 6.30 g/(min  °C), *α*~21~ = 5.70 g/(min  °C), *β*~20~ = 1.03, and *β*~21~ = 1.98 °C^−1^.

Core temperature elevation is one of the essential parameters in sweating. For the maximum output power of the dipole antenna, corresponding to an SAR of 100 W/kg, the total power absorbed in by the human body is less than 30.3 W, which is a quarter of the basal metabolism of the human. Note that a whole-body averaged SAR of 4--6 W/kg (260--390 W for a 65-kg adult) results in a core temperature elevation of 1 °C. As will be discussed in the "[Results](#Sec7){ref-type="sec"}" section, the effect of core temperature elevation on sweating is not dominant for the scenarios considered here.

Numerical human head model {#Sec5}
--------------------------

A realistic anatomical model of a Japanese adult male (TARO) \[[@CR37]\] was considered. This computational anatomical model had a resolution of 2 mm. The model was segmented into 51 anatomical regions, such as the skin, muscle, bone, and brain. The head model was truncated at the bottom of the neck.

A major source of computational error in FDTD methods is discretization error. In electromagnetic simulations, this depends on the ratio between the cell size and the wavelength in biological tissue. A well-known rule for suppressing numerical dispersion error in FDTD simulations is that the maximum cell size should be smaller than one-tenth of the wavelength. Therefore, the model resolution was divided into 0.5 mm cells to satisfy this criterion at 10 GHz, which is the highest frequency used herein.

Figure [1](#Fig1){ref-type="fig"} illustrates the exposure scenarios. As shown in Fig. [1](#Fig1){ref-type="fig"}, the separation between the dipole antenna and the surface of the head model, excluding the pinna, was set to 25 mm (14--16 mm from the pinna). For comparison, a vertically polarized truncated plane wave incident from the side of the head was also calculated. The frequencies considered in this study were 300 MHz--10 GHz. The length of the antenna was set to be equal to half the wavelength in each scenario. For comparison, the output power of the antenna was adjusted so that the 10 g averaged SAR was 2 (limited for general public and unrestricted environments), 10 (limited for restricted environments or occupational exposures), 50, and 100 W/kg. The SAR was averaged in a cubic shape following the IEEE standard \[[@CR5]\]. Even though the SAR is not used at frequencies above 6 GHz according to IEEE \[[@CR2]\], the same metric is used even at 10 GHz to facilitate a proper comparison.Fig. 1Exposure scenarios using the head part of the numeric Japanese male model

A vertically polarized truncated plane wave, as a far-field source, was also considered for comparison. The effect of polarization is marginal at frequencies higher than the GHz region, where the penetration depth is a few centimetres or less. Temperature simulations were run for 65 min.

Heating factor in the brain {#Sec6}
---------------------------

The heating factor is an approximation that expresses the temperature elevation due to microwave exposure, as follows \[[@CR38]--[@CR40]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\alpha = {\raise0.7ex\hbox{${\Delta T_{brain} }$} \!\mathord{\left/ {\vphantom {{\Delta T_{brain} } {SAR_{head} }}}\right.\kern-0pt} \!\lower0.7ex\hbox{${SAR_{head} }$}},$$\end{document}$$where *α* \[°C kg/W\] denotes the heating factor, △*T*~*brain*~ \[°C\] denotes the maximum temperature elevation in the brain, and *SAR*~*head*~ \[W/kg\] denotes the peak SAR in the head. Note that several heating factors have been introduced for different locations of peak SAR and peak temperature elevation \[[@CR38]\].

Results {#Sec7}
=======

SAR distribution {#Sec8}
----------------

Figure [2](#Fig2){ref-type="fig"} shows the SAR distribution from the dipole antenna and truncated plane wave at 1, 3, and 10 GHz, respectively. The reason for choosing three frequencies will be given below. As shown in the figures, the distribution of SAR concentrates on the surface layer as the frequency increases or as the penetration depth decreases. The penetration depth into muscle is 40.7 mm at 1 GHz and 3.3 mm at 10 GHz \[[@CR41]\]. The penetration depths of the dipole antenna and the truncated plane wave are nearly the same. The exposure from truncated plane waves has a wider area than that from the dipole antenna. These tendencies are most evident, at 1 GHz.Fig. 2SAR distributions for each exposure scenario. The exposure from a dipole antenna at **a** 1 GHz, **b** 3 GHz, and **c** 10 GHz. Exposure from a truncated plane wave at **d** 1 GHz, **e** 3 GHz, and **f** 10 GHz. The output power was adjusted so that the peak 10 g average SAR becomes 10 W/kg

Table [1](#Tab1){ref-type="table"} shows the peak SAR averaged over the cubic and contiguous regions. The average SAR over a contiguous region was larger than in a cube shape for both the dipole antenna and truncated plane wave exposure. For comparison, the dipole antenna output power was chosen as 1 W, and the truncated plane wave incident power density was 100 W/m^2^. As seen from the table, the differences between SARs calculated from the different algorithms are obvious at higher frequencies. Unlike the ICNIRP guidelines, the IEEE standards treat the pinna as the extremity. For the dipole antenna in close proximity to the pinna, most of the power is absorbed in the pinna \[[@CR38]\]. A more detailed discussion on the effect of the averaging algorithm on the relation between SAR and temperature elevation can be found in our previous study \[[@CR38]\]. The temperature elevation for a contiguous tissue can be estimated from the results presented in the table. As mentioned above, the cubic shape is commonly used and thus in the following discussion the SAR is averaged over a cubic shape.Table 1Computed specific absorption rate (SAR) averaged over 10 g using two averaging algorithms prescribed in the IEEE standard and ICNIRP guidelines300 MHz1 GHz3 GHz6 GHz10 GHzDipole antenna Cube0.752.593.202.673.83 Contiguous1.026.0410.828.3012.70Plane wave Cube8.074.436.184.664.15 Contiguous13.347.8514.1525.7723.80

The output power from the dipole antenna is 1 W. The incident power density of the truncated plane wave is 100 W/m^2^.

Computational setup of thermoregulatory modeling {#Sec9}
------------------------------------------------

The initial temperature distribution *T*~0~ was determined using Eqs. [2](#Equ2){ref-type=""} and [3](#Equ3){ref-type=""} with *SAR* = 0 W/kg. Then, for the maximum exposure level in this study (10 g averaged SAR = 100 W/kg), the blood perfusion rate and sweating were considered in thermoregulation to compute the elevated temperature in the whole-body model for dipole antenna exposure at 1 GHz. The averaged skin and core temperature elevation (whole-body) were at most 0.3 and 0.1 °C, respectively, over 1 h duration, which is sufficient to reach the thermal steady state. The maximum temperature elevation difference in the skin between these two scenarios was 5% (11.3 and 11.9 °C in the whole-body model considering thermoregulation with sweating and in the truncated head model considering thermoregulation but without sweating and core temperature change, respectively).

These results suggest that the temperature elevation computation in the head model without considering sweating was sufficient for computing the local temperature elevation and vasodilation for local exposures. Thus, in the following discussion, the blood temperature *T*~*B*~(**r**, *t*) was fixed at 37 °C and sweating was ignored. In addition, the truncated head model was used.

Temperature elevation and blood perfusion rate in the skin and brain {#Sec10}
--------------------------------------------------------------------

Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"} show the maximum temperature elevations in the brain for dipole antenna and truncated plane wave exposure, respectively. It took 64, 34, 44, 45, 49 min at 0.3, 1, 3, 6, 10 GHz, respectively to the thermal steady-state. The time needed for skin to reach the steady state was shorter than that for the brain. This occurs because of the heat conduction from the surface to the brain. The time needed to reach the steady state becomes shorter as the peak averaged SAR increased. This is because the blood perfusion effect becomes obvious, resulting in shorter thermal time constant.Table 2Spatial maximum (voxel) temperature elevation in the brain due to exposure from the dipole antennaPeak SAR2 W/kg10 W/kg50 W/kg100 W/kgT~brain~ \[°C\]ΔT \[°C\]T~brain~ \[°C\]ΔT \[°C\]T~brain~ \[°C\]ΔT \[°C\]T~brain~ \[°C\]ΔT \[°C\]300 MHz36.77+ 0.1737.48+ 0.8739.80+ 3.1941.62+ 4.761 GHz36.75+ 0.1837.49+ 0.9340.00+ 3.4641.67+ 5.143 GHz36.71+ 0.1437.30+ 0.7339.21+ 2.6440.40+ 3.836 GHz36.66+ 0.0937.04+ 0.4638.32+ 1.7439.19+ 2.6110 GHz36.66+ 0.0736.85+ 0.3737.79+ 1.2338.26+ 1.70Temperature computations including thermoregulation. The SAR was averaged over a cubic shape following the IEEE standard Table 3Spatial maximum (voxel) temperature elevation in the brain for exposure from the truncated plane wavePeak SAR2 W/kg10 W/kg50 W/kg100 W/kgT~brain~ \[°C\]ΔT \[°C\]T~brain~ \[°C\]ΔT \[°C\]T~brain~ \[°C\]ΔT \[°C\]T~brain~ \[°C\]ΔT \[°C\]300 MHz37.22+ 0.1637.89+ 0.8340.16+ 3.0841.85+ 4.791 GHz36.76+ 0.1437.38+ 0.7639.90+ 3.2842.07+ 5.253 GHz36.81+ 0.1337.36+ 0.6839.34+ 2.7540.56+ 3.976 GHz36.74+ 0.1537.24+ 0.7539.35+ 2.8640.55+ 4.0610 GHz36.61+ 0.1437.21+ 0.6838.90+ 2.4640.00+ 3.52Temperature computations including thermoregulation. The SAR was averaged over a cubic shape following the IEEE standard

The maximum SAR value appeared in the skin of the head surface at frequencies ranging from 1 to 10 GHz and in fat at 0.3 GHz. The maximum temperature elevation presented in the head appeared in the skin at frequencies of 3--10 GHz while in the muscle at 0.3 and 1 GHz. The maximum temperature elevation in the brain appeared in gray matter for all the frequencies. However, their points did not coincide with each other because of the complicated SAR distribution.

For peak SAR equal to 100 W/kg, the differences between the exposure from the dipole antenna and the truncated plane wave were 0.6, 2.1, 13.8, 55.5 and 107.5% at 0.3, 1, 3, 6 and 10 GHz. For SAR averaged over a contiguous tissue, the maximum temperature elevations in the brain were 0.45 and 0.11 °C at 1 and 10 GHz, respectively. These values occur at a peak SAR of 10 W/kg. These values were a half to one-third of the SAR averaged over a cube. The main reason for the SAR difference is attributable to the inclusion of the pinna in the averaging volume.

Figure [3](#Fig3){ref-type="fig"} shows the SAR distribution, temperature elevation, and blood perfusion rate along the center axis (see Fig. [2](#Fig2){ref-type="fig"}) for peak 10 g averaged SAR values of 2, 10, 50, and 100 W/kg. The wave source was the dipole antenna. As shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}a--c, the penetration depth decreases as the frequency increases. As shown in Fig. [3](#Fig3){ref-type="fig"}d--f, the temperature elevation becomes larger for higher SARs. The common temperatures around the periphery of the brain (19--33 mm from the surface) are lower than the brain basal temperature of 37.3 °C. The steady-state peripheral brain temperature without exposure was 36.6 °C, which is consistent with the tendency in \[[@CR42]\]; the peripheral temperature is approximately 0.5--0.6 °C smaller than the central temperature in the brain. The temperature around the brain surface increases and reaches around 40 °C at a peak SAR of 100 W/kg at 1 GHz. The temperature also reduces with increasing frequency.Fig. 3Distributions of SAR, temperature, and blood perfusion rate from the dipole antenna. The axis passes through the cross section center in Fig. [2](#Fig2){ref-type="fig"}. SAR at **a** 1 GHz, **b** 3 GHz, and **c** 10 GHz. Temperature elevation at **d** 1 GHz, **e** 3 GHz, and **f** 10 GHz. Blood perfusion rate at **g** 1 GHz, **h** 3 GHz, and **i** 10 GHz. The output power was normalized so that peak SAR becomes 2, 10, 50, and 100 W/kg, respectively. SAR = 0 W/kg indicates the initial state without microwave exposure

In addition, the figures show that the elevation in skin temperature is dominant, especially at 10 GHz. As seen from Fig. [3](#Fig3){ref-type="fig"}g--i, the blood perfusion rate becomes large with the local temperature elevation. This is characterized by Eqs. [6](#Equ6){ref-type=""}, [7](#Equ7){ref-type=""}, [8](#Equ8){ref-type=""}, or governed by the tissue type and local temperature elevation. The brain blood perfusion rate at 1 GHz increased by 0.58, 3.1, 12.6, and 19.5% for peak SARs of 2, 10, 50, and 100 W/kg, respectively. The skin blood perfusion rate at 1 GHz increased by 4.2, 26.8, 157.8, and 309.8% for peak SARs of 2, 10, 50, and 100 W/kg, respectively. The increase in the other tissues was not notable, which is attributed to the formula we used in this study.

Figure [4](#Fig4){ref-type="fig"} shows the distribution of the SAR, temperature, and blood perfusion rate along the same axis of Fig. [3](#Fig3){ref-type="fig"} due to plane-wave exposure. Comparing Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}, the difference in the SAR distribution between the dipole antenna and the truncated plane wave is significant at 1 GHz.Fig. 4Distributions of SAR, temperature, and blood perfusion rate from the truncated plane wave. The axis passes through the cross section center in Fig. [2](#Fig2){ref-type="fig"}. SAR at **a** 1 GHz, **b** 3 GHz, and **c** 10 GHz. Temperature elevation at **d** 1 GHz, **e** 3 GHz, and **f** 10 GHz. Blood perfusion rate at **g** 1 GHz, **h** 3 GHz, and **i** 10 GHz. The incident power density was normalized so that peak SAR becomes 2, 10, 50, and 100 W/kg, respectively. SAR = 0 W/kg indicates the initial state without microwave exposure

Effect of thermoregulation and heating factor {#Sec11}
---------------------------------------------

Figure [5](#Fig5){ref-type="fig"}a--c shows a comparison of the temperature elevation in the head with and without thermoregulation \[*B*(**r**, *t*) = *B*~*0*~(**r**) in Eq. [2](#Equ2){ref-type=""} over the model\]. The difference in the temperature with and without thermoregulation is marginal at a peak SAR below 10 W/kg, while it is obvious at 50 and 100 W/kg. For peak SAR equal to 100 W/kg, the temperature elevation on the skin surface was 6.0, 10.6, and 11.4 °C at 1, 3, and 10 GHz, respectively. This corresponds to suppression of temperature elevation by 54.2, 53.3, and 53.6%, respectively. For 100 W/kg peak SAR, temperature elevations in the brain were suppressed by 2.5, 2.5, and 1.5 °C at 1, 3 and 10 GHz, respectively, each corresponding to a suppression of 58.9, 53.5, and 45.1%, respectively.Fig. 5Comparison of temperature elevations with and without thermoregulation (**a**--**c**) and normalized blood perfusion (**d**--**f**). Frequencies are (**a**, **d**) 1 GHz, (**b**, **e**) 3 GHz, and (**c**, **f**) 10 GHz. The heat source is the dipole antenna. The solid line indicates temperature with thermoregulation through the cross section center in Fig. [2](#Fig2){ref-type="fig"}. (Δ*T*~*W*~ are the same data in Fig. [3](#Fig3){ref-type="fig"}). The broken line indicates the temperature without thermoregulation (Δ*T*~*W/O*~)

Figure [5](#Fig5){ref-type="fig"}d--f shows the blood perfusion rate normalized by the basal blood perfusion rate *B*~0~ for the dipole antenna. The tendency of Fig. [5](#Fig5){ref-type="fig"}a--f are similar due to an increase in blood perfusion with local temperature elevation, as shown in Eqs. [6](#Equ6){ref-type=""}, [7](#Equ7){ref-type=""}, [8](#Equ8){ref-type=""}. The increased blood perfusion is noticeable only in skin for a peak SAR equal to 10 W/kg. The blood perfusion increase is significant in the skin, fat, and muscle at 50 and 100 W/kg.

Table [4](#Tab4){ref-type="table"} shows the heating factors with thermoregulation for the peak 10 g SAR. The heating factors at 2 and 10 W/kg are relatively constant. However, they decrease by 30.6 and 52.7% at peak SARs of 50 and 100 W/kg at 10 GHz when considering thermoregulation from the dipole antenna. These results are confirmed to have a nonlinear relationship, as mentioned above.Table 4Heating factor in the brain from exposure to the dipole antenna and the truncated plane waveHeating factor (°C kg/W)2 W/kg10 W/kg50 W/kg100 W/kgDipole antenna 1 GHz0.0920.0930.0690.051 3 GHz0.0720.0730.0530.038 10 GHz0.0360.0370.0250.017Plane wave 1 GHz0.0720.0760.0660.052 3 GHz0.0650.0680.0550.040 10 GHz0.0680.0680.0490.035

Discussion {#Sec12}
==========

We computed the temperature elevation in the human head while accounting for vasodilation. Vasodilation is the most significant parameter that influences the temperature elevation due to local exposure (see also \[[@CR29]\]). In the worst case, temperature elevation at the thermal steady state was investigated. It takes more than 30 min of constant exposure for the steady state to be reached \[[@CR43]\]. The main contribution of this study revealed the limitation of the approach in terms of the heating factor in the regime where thermal damage may occur. Specifically, the local temperature cannot be well estimated in terms of the heating factor at the steady-state temperature. The inaccuracy arises due to ignoring thermoregulation (vasodilation).

The SAR and temperature elevation distributions were different for different wave sources, whereas the influence of internal tissues such as the brain on the temperature were marginal (Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). This is due to the heat diffusion length in biological tissue \[[@CR44]\]. The effect of vasodilation becomes notable for tissue temperature elevations higher than 1--2 °C, which is consistent with a previous study \[[@CR45]\]. For localized exposure in the head, averaged skin and core temperature elevations were smaller than 0.3 and 0.1 °C, respectively. Thus, thermoregulation was dominated by local temperature elevation or vasodilation. A significant difference in the temperature elevation considering thermoregulation was found in the skin and brain. In addition, for all the cases considered here, the temperature elevation was mainly induced by heat conduction of the power absorption in the outer layer of the head (skin and skull). Considering the linearity of the bioheat equation without thermoregulation \[[@CR36]\], we can estimate the contribution of SAR in the brain to the temperature elevation in the brain. Although detailed data is not shown, its contribution at peak SAR of 2 W/kg was 25% or less at 1 GHz and becomes smaller at higher frequencies.

With increasing frequency, the SAR distributions and resulting temperature elevations were shifted to more peripheral locations in the head. At the current occupational exposure limit of 10 W/kg peak 10 g SAR in the head, the peak temperature elevation in the brain is at most 0.93 °C (see Table [2](#Tab2){ref-type="table"}). In comparison, using a statistical approach considering more than 30 cases \[[@CR38]\], the maximum brain temperature was observed at 1.25 °C at 10 W/kg (1.06 °C as the 95%ile value), corresponding to the maximum brain temperature of 37.8 °C. In such cases, standing wave was observed around the pinna or most energy was absorbed in the pinna. The result may change due to slight difference of the antenna position. Exposure limits for the general public are 20% of those for occupational groups, resulting in a correspondingly lower peak temperature increase at the margins of the brain.

The local brain temperature at 39--43 °C may be close to the threshold of tissue damage, however it depends on the exposure duration, etc. \[[@CR46]\]. As shown in Table [2](#Tab2){ref-type="table"}, the temperature may reach this 43 °C threshold at more than 100 W/kg. From the Table [2](#Tab2){ref-type="table"}, as well as a previous study \[[@CR38]\], the brain temperature elevation decreases as the frequency increases. The temperature elevation, however, does not decrease significantly at higher frequencies because heat is conducted away from the surface of the human head. Instead, the temperature elevation in the skin reached approximately 50 °C at 10 GHz. This is attributable to the SAR averaging algorithm. In the IEEE standard, the pinna is not included in the averaging volume. Instead, in the ICNIRP guidelines, the SAR values are averaged over single tissues that include the pinna. Thus, a straightforward comparison is not available. However, additional consideration is needed when extending SAR in a cube up to 10 GHz.

The maximum temperature elevation is in the periphery of the brain. It is generally 0.5 °C cooler than the core of the brain due to thermal interactions with the environment \[[@CR42]\], as is apparent from Figs. [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}. The peak temperature in the brain induced by RF exposure, even at occupational exposure limits, is anticipated to be comparable to the baseline temperature in the core of the brain. The peak temperature elevation in the brain at exposure limits for the general public are anticipated to be well within the diurnal variation in brain temperature (about 1 °C peak to peak) \[[@CR47]\].

As shown in Fig. [5](#Fig5){ref-type="fig"}, the temperature elevation reduced significantly due to the increased blood perfusion rate in the skin and muscle. In contrast, the increase of blood perfusion in the brain was marginal. As mentioned above, the SAR in the brain contributes slightly to the brain temperature elevation, and the suppressed brain temperature with thermoregulation mainly is attributable to thermoregulation in the surface tissues.

The main limitation of this study is that thermoregulation modeling was based on animal studies \[[@CR23]\]. It is difficult to determine the similarity of the thermoregulation details between humans and rats or how the results can be extrapolated to humans. However, human thermoregulation is known to be superior to that of other species, especially rodents \[[@CR21]\]. Thus, the actual temperature elevation is expected to be lower in healthy young adults, as thermoregulation in the elderly becomes weak because of degradation of the periphery sensor. Moreover, Philips et al. \[[@CR48]\] noted the vasomotor is positively correlated with body mass. Gordon et al. \[[@CR21]\] explained that even though there is a large difference in the body masses between human and rat, the values of the different thermoregulatory variables are very close. In fact, our computational modeling has been demonstrated to be useful for human leg exposure to hot water (42 °C) \[[@CR22]\]. In addition, we reviewed the thermoregulation modeling and compared our results to their performance for the whole-body exposures \[[@CR45]\]. The validation for vasodilation localized microwave exposure discussed for only rats \[[@CR23]\] and rabbit \[[@CR12]\]. The exposure scenario is not feasible for invasive temperature measurement in the human.

Another factor that can influence our results is the initial blood perfusion rate. We computed the temperature elevation using the basal blood perfusion in McIntosh et al. \[[@CR49], [@CR50]\]. The maximum temperature elevations in the brain due to dipole antenna exposure at 1 GHz appeared gray matter; these values were 3.19 and 4.76 °C for peak SAR values of 50 and 100 W/kg, respectively. The difference was less than 10%. The difference of basal blood perfusion may affect the temperature in white matter. The temperature elevation is approximately estimated by volume averaged blood flow as in \[[@CR34]\]. Thus, the value of our skin blood is different from the value in the review, but the difference in the computed temperature was at most 25% \[[@CR51]\].

We chose a model of inner tissue where the vasodilation works only at 39 °C (Eq. [6](#Equ6){ref-type=""}) for more strict temperature elevation. However, a recent study suggested the possibility of working with smaller temperature elevations (estimation to the muscle and fat) \[[@CR52]\]. If we used such a model, the temperature elevation reduces by 20% or more at higher whole-body SAR \[[@CR45]\]. Thus, the actual temperature elevation would be even lower in healthy young adults. As in \[[@CR52]\], the parameters are not well validated by the blood flow measurement and thus further discussion is not given in this study.

Head models commonly used in dosimetry have a less detailed structure of the brain. There are many tissues between the skull itself and the brain in a real head (e.g., superior cerebral veins). The vasculature is considered to be a source of heat transfer \[[@CR53]\], which is not considered in this study. Due to the finite resolution of the anatomical models, the anatomy of dura and cerebrospinal fluid etc. cannot be modeled accurately. The temperature elevation would be different between a plane wave applied to the whole body and the truncated head model.

Finally, if the heating factor is used to set the limit in the international standards, the location of the maximum temperature elevation is not considered. It is the nature of electromagnetic fields to decay exponentially from the body surface, especially for near field exposures from portable devices (see Fig. [2](#Fig2){ref-type="fig"}). Thus, the limit derived based on the heating factor may provide conservative limits. Instead, this study showed that the effect of thermoregulation is not significant for a local temperature elevation of \~ 1 °C because thermoregulation has not been activated.

Conclusions {#Sec13}
===========

This study investigated temperature elevations in the brain considering vasodilation for microwave exposure at the limits prescribed in the international guidelines/standards. We computationally estimated the temperature elevation in the brain for excessive SAR. The current limit of 10 W/kg has the margin of more than 10 when compared to the thermal damage of threshold \[[@CR46]\]. This margin is caused by thermoregulation and is not be expected from the linear model that ignores thermoregulation. Note that damage is characterized by the duration of the exposure, which has not been significantly addressed in this paper. Temperature elevation in the brain at the current guideline limit for occupational exposure (i.e., 10 W/kg averaged over 10 g) was comparable to the variability from daily environmental changes and/or diurnal changes.
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